Lohmeier TE, Iliescu R. Lowering of blood pressure by chronic suppression of central sympathetic outflow: insight from prolonged baroreflex activation. J Appl Physiol 113: 1652-1658. First published July 12, 2012 doi:10.1152/japplphysiol.00552.2012.-Device-based therapy for resistant hypertension by electrical activation of the carotid baroreflex is currently undergoing active clinical investigation, and initial findings from clinical trials have been published. The purpose of this mini-review is to summarize the experimental studies that have provided a conceptual understanding of the mechanisms that account for the long-term lowering of arterial pressure with baroreflex activation. The well established mechanisms mediating the role of the baroreflex in short-term regulation of arterial pressure by rapid changes in peripheral resistance and cardiac function are often extended to long-term pressure control, and the more sluggish actions of the baroreflex on renal excretory function are often not taken into consideration. However, because clinical, experimental, and theoretical evidence indicates that the kidneys play a dominant role in long-term control of arterial pressure, this review focuses on the mechanisms that link baroreflex-mediated reductions in central sympathetic outflow with increases in renal excretory function that lead to sustained reductions in arterial pressure.
THERE HAS BEEN A LONG-STANDING interest in the mechanisms that mediate the acute and the long-term effects of the sympathetic nervous system on arterial pressure and the mechanisms that chronically alter sympathetic activity. In many instances, these mechanisms have been difficult to ascertain, particularly in studies dealing with long-term blood pressure regulation and in studies conducted in the absence of anesthesia, which alters neural control of the circulation. Among the mechanisms involved in the neural control of blood pressure, perhaps the greatest attention has been given to the baroreflex, because of its powerful and well established role in the acute regulation of cardiovascular dynamics. However, because the baroreflex apparently resets to the ambient pressure, its role in long-term control of arterial pressure has been questioned (5, 16, 25) . The argument put forth is that if baroreflex resetting is complete, then it could not possibly have long-term functional effects on sympathetic activity and consequently arterial pressure. Because of the paucity and inadequacy of available techniques to assess the chronic effects of the baroreflex on sympathetic activity and arterial pressure, the time course and degree of resetting has not been established with certainty and, therefore, it is the authors' contention that the role of the baroreflex in long-term control of arterial pressure is unclear. However, the goal of this mini-review is not to approach this controversy because the salient issues have been discussed more fully in recent articles (16, 25) . Rather, the objective of this review is to highlight recent findings from studies using a unique approach to chronically suppress central sympathetic outflow by electrical activation of the carotid baroreflex. By avoiding the confounding effects of drug administration, these studies have provided novel insight into the neurohormonal mechanisms that are important in long-term neural control of arterial pressure.
As indicated below, experimental studies have clearly demonstrated that chronic electrical stimulation of the carotid baroreflex has impressive sustained effects to lower arterial pressure, but the specific mechanisms that account for this response have not been completely defined. Because there is extensive evidence that the kidneys dominate in long-term control of arterial pressure by altering body fluid volume through pressure natriuresis, the authors favor the viewpoint that long-term reductions in arterial pressure during baroreflex activation can only be achieved by mechanisms that increase renal excretory function. On the other hand, some investigators have challenged the concept of the renal body fluid feedback mechanism for long-term control of arterial pressure (1, 26, 30) . If these latter viewpoints were correct, this would discard the primacy of pressure natriuresis in long-term control of arterial pressure and suggest that chronic neurally mediated changes in arterial pressure are not necessarily mediated by the renal body-fluid feedback mechanism but rather by chronic maintenance of acute changes in peripheral resistance and cardiac function.
It is appropriate to indicate that the impetus for development of modern technology for chronic electrical activation of the carotid baroreflex activation was to provide a device-based approach for the treatment of selective cardiovascular diseases, including resistant hypertension, which cannot be treated adequately by available pharmacological intervention. This technology was developed by CVRx. The American Heart Association definition of resistant hypertension is "blood pressure that remains above goal despite the concurrent use of 3 antihypertensive agents of different drug classes." Ideally, one of the agents should be a diuretic and all agents should be given at an optimized dose (3). Current clinical trials using baroreflex activation for hypertension therapy in this drug-resistant population are promising (2, 20, 27) , but these studies will not be discussed in this mini-review. However, the mechanistic insight from the experimental studies summarized below may help to identify subsets of this heterogeneous population who stand to benefit the most from baroreflex activation therapy and also to suggest new therapeutic targets beyond reduction of blood pressure.
EXPERIMENTAL MODEL
All of the experimental studies discussed below have been conducted in dogs chronically instrumented for continuous 24-h monitoring of arterial pressure and heart rate. Stimulating electrodes are implanted in the perivascular space around each carotid sinus and the lead bodies are connected to a pulse generator (20, 23) . With the Rheos system developed by CVRx, the internally implantable pulse generator is completely programmable externally by radiofrequency control. This allows for controlled current delivery throughout the day. In our experimental studies summarized below, the pulse generator has been programmed to deliver continuous impulses throughout the cardiac cycle, and the degree of blood pressure reduction has been controlled during the initial days of carotid sinus stimulation by adjusting the intensity of activation (1-7 V). Frequency of activation has ranged from 30 to 100 Hz, but variations within these extremes have not appeared to have a major impact on the magnitude of pressure reduction. Pulse duration has been 0.5 ms. It should be noted that because electrical stimulation of the carotid sinus does bypass mechanotransduction at the level of the baroreceptor itself, extrapolation of these findings to the role of the baroreflex in long-term control of arterial pressure should be made with caution, because most of the resetting of the baroreflex occurs at the level of the baroreceptor itself.
CENTRAL NERVOUS SYSTEM RESPONSES TO STIMULATION OF THE CAROTID SINUS
Acute findings in anesthetized animals and chronic observations in animals subjected to baroreceptor deafferentation (sinoaortic denervation) suggested the concept of central nervous system resetting to the prevailing baroreceptor input or the notion that central mechanisms develop to offset baroreceptorinduced changes in sympathetic activity and arterial pressure (4, 5, 16) . Therefore, it was important to determine whether the initial suppression of sympathetic activity and attendant lowering of blood during baroreflex activation is sustained over long time periods. In studies conducted during 3 wk of carotid sinus stimulation, the intensity of activation was programmed to produce an initial reduction in arterial pressure of ϳ20 mmHg during the first day of activation (21) . In response to this degree of baroreflex activation, there was an ϳ45% decrease in whole body NE spillover to plasma (an index of central sympathetic outflow) and a reduction in heart rate of ϳ 15 beats/min. Most significantly, these responses were sustained over the 3-wk period of carotid sinus stimulation (Fig. 1) . Thus central compensations do not diminish the chronic suppression of sympathetic activity and attendant lowering of arterial pressure, or the bradycardia, in response to continuous stimulation of baroreceptor afferents.
In addition to reducing arterial pressure, baroreflex activation decreased spontaneous blood pressure variability. The potential significance of this response has recently been discussed by Schillaci et al. (28) . These investigators summarized investigations indicating that increased blood pressure variability might predict organ damage and cardiovascular events over and above the contribution provided by average blood pressure in patients with hypertension. This indicates that continuous carotid sinus stimulation leads to reduced blood pressure fluctuations with potential beneficial cardiovascular consequences.
In contrast to the normal pulse-synchronous discharge of baroreceptors, the continuous delivery of impulses into the brain throughout the cardiac cycle during carotid sinus stimulation also raised the issue of whether this might disturb the normal dynamic control of heart rate by the baroreflex. There- Chronic Baroreflex Activation and Arterial Pressure • Lohmeier TE et al. fore, heart rate variability and spontaneous baroreflex sensitivity were determined from 18-h recordings of beat-to-beat systolic arterial pressure and pulse intervals (21) . Surprisingly, there were significant increases in both measures, not decreases, indicating that baroreflex activation enhanced heart rate variability, a negative predictor of adverse cardiac events, while enhancing the sensitivity of the natural baroreflex control of heart rate. This suggests that electrical activation of the carotid baroreflex does not disrupt the negative feedback loop linking the baroreceptors with blood pressure and heart rate control via the autonomic nervous system. As a depressed cardiac parasympathetic reflex is an important predictor of cardiac morbidity and mortality independent of blood pressure changes, the central processing of natural afferent impulses during carotid sinus stimulation during normal blood pressure fluctuations and the resultant increase in cardiac baroreflex sensitivity may provide clinical benefit even beyond suppression of sympathetic activity and lowering of blood pressure.
Within the overarching issue related to the characteristics of baroreceptor signaling, these findings beg the question of whether a discharge pattern of carotid sinus stimulation reproducing the natural entrainment to the cardiac cycle would be more physiologically relevant and of added clinical benefit by having more efficient sustained reciprocal effects on sympathetic and parasympathetic activity. This determination has not yet been made.
RENAL-BODY FLUID CONTROL OF ARTERIAL PRESSURE
A fundamental law of the circulation is that arterial pressure is the product of cardiac output and total peripheral resistance. Because short-term regulation of arterial pressure is critically dependent on the rapid changes in peripheral resistance and cardiac output evoked by the baroreflex, often times little consideration is given to the potential importance of baroreflexes in long-term control of arterial pressure by altering renal excretory function and consequently total body fluid volume. In this regard, long-term regulation of arterial pressure is closely linked to volume homeostasis through the effect of pressure on sodium excretion, that is, by pressure natriuresis (5, 9) . According to this concept, alterations in renal excretory function would be required to sustain long-term sympathetically mediated changes in arterial pressure. More specific to sympathoinhibition during carotid sinus stimulation, sympathetically mediated decreases in peripheral resistance would be expected to cause only transient reductions in arterial pressure unless they were also associated with concurrent renal actions to increase the sensitivity of pressure natriuresis. This is because the kidneys would retain sodium and water and continue to do so until arterial pressure returned to control levels. On the other hand, if inhibition of sympathetic activity were also to include actions on the kidneys to increase renal excretory function, fluid retention would be minimized and reductions in arterial pressure would be sustained because pressure natriuresis would be shifted to a lower pressure. Thus an increase in renal excretory function would be expected to be a prerequisite for achieving fluid balance at a reduced arterial pressure during baroreflex activation. An opposing view is that alterations in peripheral resistance and cardiac function can lead to chronic changes in arterial pressure while kidney function somehow spontaneously adapts to pressure changes allowing for achievement of sodium balance (1, 26 30) . Contrary to experimental and theoretical evidence, the implication of this viewpoint is that arterial pressure does not have a long-term effect on sodium excretion and that the pressure natriuresis mechanism is not a long-term controller of body fluid volume and arterial pressure.
If baroreflex activation chronically increases renal excretory function, a question frequently asked is why is there sodium retention rather than increased sodium excretion during the onset of carotid sinus stimulation (Fig. 2) ? This can be explained by the relative quantitative effects of sympathoinhibition on the peripheral vasculature and renal excretory function, with the former leading to a fall in arterial pressure exceeding the shift of the renal set point of pressure natriuresis to a lower pressure. Indeed, the opposite response occurs during chronic infusion of NE, with increased natriuresis acutely, as circulating NE has strong peripheral vasoconstrictor effects but weak protracted antinatriuretic actions. Consequently, infusion of NE leads to modest hypertension that is associated with loss of sodium and reduced body fluid volume (15) . But what accounts for the increased renal excretory function that permits fluid balance at a reduced arterial pressure during baroreflex activation?
RENAL NERVES LINK SUPPRESSION OF CENTRAL SYMPATHETIC OUTFLOW TO INCREASED RENAL EXCRETORY FUNCTION DURING BAROREFLEX ACTIVATION
Increases in RSNA have direct renal actions that decrease sodium excretion by promoting sodium reabsorption and by decreasing glomerular filtration rate and renal blood flow. In addition, because increases in RSNA stimulate renin release, the generation of ANG II contributes indirectly to the antinatriuretic effects of renal adrenergic stimulation (6) . Although renal nerve activity has not been measured during chronic electrical stimulation of the carotid baroreflex, there is considerable evidence suggesting that suppression of RSNA normally contributes to sustained reductions in arterial pressure during chronic baroreflex activation. First, as indicated above, electrical activation of the carotid baroreflex has sustained effects to suppress central sympathetic outflow (21) . Furthermore, experimental studies in chronically instrumented animals have clearly demonstrated that the natural activation of the baroreflex in hypertension has sustained effects to suppress RSNA and promote sodium excretion (16, 24 -25) . Thus sustained baroreflex-mediated increases in renal excretory function attributable to suppression of RSNA would be expected to increase the sensitivity of the pressure natriuresis and allow sodium balance at a reduced arterial pressure. As discussed below, baroreflex-mediated suppression of RSNA is also consistent with the observed inhibitory effects of baroreflex activation on renin secretion.
RENAL NERVES ARE NOT THE ONLY MECHANISM INVOLVED IN ACHIEVING LONG-TERM REDUCTIONS IN ARTERIAL PRESSURE DURING PROLONGED BAROREFLEX ACTIVATION
If suppression of RSNA increases the sensitivity of pressure natriuresis and in so doing chronically lowers arterial pressure, one would expect greater sodium retention and reduced blood pressure lowering during baroreflex activation in the absence of the renal nerves. Indeed, this was the case when determinations were made before and after renal denervation in the same dogs (18) . However, because differences in sodium excretion and arterial pressure were not statistically significant and chronic reductions in arterial pressure still occurred after renal denervation, suppression of RSNA cannot be the sole mechanism that accounts for blood pressure lowering during baroreflex activation. To some, this observation may seem incongruous with the concept that the kidneys play a critical role in long-term control of arterial pressure during chronic changes in sympathetic activity. However, the above study also identified increased plasma atrial natriuretic peptide and decreased plasma protein concentration as two additional factors that may contribute to increased renal excretory function during chronic baroreflex activation. To provide further quantitative insight into the complex interactions of the integrated neurohormonal mechanisms that may account for blood pressure lowering during baroreflex activation, simulations were conducted using an established mathematical model of human physiology (12), now developed as HumMod (11) . The model in its entirety is freely available for download and peruse, together with a detailed tutorial for specific simulations, in the supplemental data to the published paper (http://onlinelibrary.wiley.com/doi/ 10.1111/j.1440 -1681.2009.05291.x/suppinfo). As a first step, we simulated 7 days of baroreflex activation and compared the results to actual experimental data (Fig. 3) . In this simulation, arterial baroreceptor input into the central nervous system was increased to 70% of normal and fixed at this level for the 7 days to mimic the constant electrical stimulation of the carotid sinus. This level of activation was chosen to produce the same day 1 decrease in arterial pressure as observed experimentally (23) . In response to the increased baroreceptor afferent input, the simulation indicated an ϳ50% decrease in RSNA, which was sustained for the entire week of baroreflex activation. Most importantly, the hemodynamic, neurohormonal, and sodium excretory responses in the simulation closely matched the actual experimental data during baroreflex activation (Fig. 3) , providing important validation of the accuracy of the model. Subsequent simulations indicated that by clamping RSNA at control levels and, therefore, preventing suppression of RSNA, the initial sodium retention with baroreflex activation was more pronounced, leading to more intense activation of redundant natriuretic mechanisms, which increased their effects on renal excretory function and their contribution to the chronic lowering of arterial pressure. More specifically, the simulations identified increased secretion of atrial natriuretic peptide and increased renal interstitial fluid pressure as two natriuretic responses of increased importance in shifting pressure natriuresis to a lower arterial pressure after renal denervation. In summary, mathematical models and simulations are important because they provide insight into complex integrative relationships that are not intuitively obvious, and they lead to testable hypotheses. However, it is important to emphasize that the above predictions from these simulations have not been critically tested in experimental studies and, therefore, additional cycles of experimentation and model refinement will be required to better understand the integrative influences on sodium excretion and long-term changes in arterial pressure during global suppression of sympathetic activity.
INTERACTION OF THE CAROTID BAROREFLEX WITH THE RENIN-ANGIOTENSIN SYSTEM IN LONG-TERM CONTROL OF ARTERIAL PRESSURE
A notable response in both normotensive and hypertensive dogs is that reductions in arterial pressure as great as 20 -25 mmHg during baroreflex activation do not lead to an increase in plasma renin activity (PRA; 17-18, 20 -23) . In contrast, other studies in chronically instrumented dogs show that reductions in renal perfusion pressure Ն15 mmHg by means other than baroreflex activation lead to marked increases in PRA (14, 32) . Therefore, baroreflex activation must have an inhibitory influence on renin secretion. On the basis of parallel changes in renin secretion and renal adrenergic stimulation (6), it is likely that pressure-dependent renin release is counteracted by suppression of RSNA during baroreflex activation. Thus we hypothesized that were it not for this inhibitory effect on renin secretion, the chronic blood pressure lowering effects of baroreflex activation would be greatly diminished.
This hypothesis was tested during equivalent degrees of carotid sinus stimulation before and during continuous infusion of ANG II (17) . Studies were performed in the same dogs at an infusion rate that produced ϳ3-to 5-fold increases in plasma ANG II and aldosterone concentration and a concomitant increase in MAP of ϳ35 mmHg. Acute reductions in MAP during the first hour of baroreflex activation were pronounced and comparable with those achieved before induction of ANG II hypertension. However, as illustrated in Fig. 2 , despite continuous baroreflex activation, this acute robust fall in arterial pressure was not sustained chronically in the presence of moderately higher and constant levels of plasma ANG II. This study demonstrates a clear dichotomy between the acute and long-term effects of sympathoinhibition on arterial pressure, with the acute effects being dominated by changes in peripheral resistance and cardiac function and the latter being dependent on the more sluggish renal mechanisms for control of body fluid volume. Thus, on the basis of the weak long-term antihypertensive response to baroreflex activation during ANG II hypertension, it would appear that increases in renal excretory function during inhibition of sympathetic activity are substan-Chronic Baroreflex Activation and Arterial Pressure • Lohmeier TE et al. tially diminished in the presence of even small increases in circulating ANG II. This study supports the hypothesis that baroreflex-mediated suppression of renin secretion counteracts increases in renin release that otherwise would greatly diminish the magnitude of pressure fall during baroreflex activation.
ELECTRICAL ACTIVATION OF THE BAROREFLEX ABOLISHES OBESITY HYPERTENSION
Many patients with resistant hypertension are obese and obesity-related hypertension has an important neurogenic component (3, 7, 10) . Furthermore, obesity-hypertension, unlike hypertension produced by ANG II infusion, is associated with increased RSNA. Therefore, because baroreflex activation has sustained effects to inhibit RSNA, consideration was given to the possibility that electrical stimulation of the baroreflex would abolish the hypertension associated with weight gain in dogs fed a high-fat diet. This model of hypertension is particularly relevant to obesity in human subjects because it exhibits many of the same hemodynamic, neurohormonal, renal, and metabolic changes (10, 22) .
As illustrated in Fig. 4 , after 32 days on a diet supplemented with cooked beef fat, MAP was increased 17 mmHg along with a targeted weight gain of ϳ50% (22) . Heart rate also increased substantially. Similar to the response in dogs with ANG II hypertension, there was a substantial acute decrease in arterial pressure with baroreflex activation. However, in marked contrast to the weak chronic antihypertensive response in dogs with ANG II levels fixed modestly above control by infusion (Fig. 2) , baroreflex activation abolished the hypertension and greatly diminished the tachycardia associated with weight gain (Fig. 4) . Furthermore, the sustained lowering of blood pressure occurred concurrently with significant reductions in both plasma NE concentration and PRA, suggesting that sympathetic activation and neurally mediated renin secretion contrib- uted significantly to the maintenance of the hypertension. After terminating baroreflex activation, measures of hemodynamics and neurohormones returned to prestimulation levels. Subsequently, to determine the importance of renal-specific sympathoinhibition to the antihypertensive effects of baroreflex activation, these same canines were subjected to bilateral renal denervation. Remarkably, within 2 days after renal denervation the hypertension was abolished. Furthermore, as with baroreflex activation, abolition of hypertension was associated with suppression of PRA, indicating once again the link between RSNA and renin secretion in long-term control of arterial pressure. In contrast to baroreflex activation, however, renal denervation did not lower circulating levels of NE, indicating sustained sympathetic drive to the peripheral circulation and highlighting the relative importance of renal specific sympathetic activation in sustaining the hypertension.
The importance of the renal nerves as a mediator of neurogenic hypertension is also supported by recent clinical studies demonstrating impressive antihypertensive effects of catheterbased endovascular radiofrequency ablation of the renal nerves in patients with resistant hypertension (29, 31) . However, in contrast to the above findings in dogs with obesity hypertension indicating that renal denervation does not decrease global sympathetic activity, a report in a patient with resistant hypertension indicated that ablation of the renal nerves decreased systemic sympathetic activity and arterial pressure (29) . This latter observation suggests that putative sensory afferent signals from the kidneys to the brain may contribute to central sympathetic outflow. It will be of interest to see if this observation is confirmed in a patient population of sufficient size.
Taken together, these studies in dogs with ANG II and obesity hypertension emphasize the importance of renal sympathoinhibition and concomitant suppression of renin secretion in mediating the long-term blood pressure lowering effects of baroreflex activation. However, beyond lowering blood pressure in patients with hypertension, one should not discount the potential therapeutic benefit of reducing heightened sympathetic outflow to organs other than the kidneys and improving autonomic balance to the heart.
POTENTIATION OF THE BLOOD PRESSURE LOWERING EFFECTS OF ANTIHYPERTENSIVE DRUGS BY BAROREFLEX ACTIVATION
The lowering of arterial pressure with some drugs commonly used for hypertension therapy, including diuretics and calcium channel blockers, activates the sympathetic nervous system, probably via a baroreflex-mediated mechanism. This sympathetic activation may attenuate the antihypertensive efficacy of these agents. Indeed, studies in dogs clearly demonstrate that the long-term lowering of blood pressure during administration of adrenergic blocking agents and calcium channel blockers leads to substantial sympathetic activation and concomitant stimulation of the renin-angiotensin system (13, 19) . However, suppression of central sympathetic outflow by baroreflex activation decreases arterial pressure further and, in the absence of ␤-blockade, PRA as well (13, 19) . Thus, as in obesity hypertension, baroreflex activation has impressive blood pressure lowering effects by suppressing heightened sympathetic activity and concomitant neural stimulation of renin release.
CONCLUSIONS AND PERSPECTIVES
The technology to chronically activate the baroreflex by electrical stimulation of the carotid sinus has provided further insight into the controversy regarding the role of baroreflexes in long-term control of arterial pressure. However, of greater significance, this technology has provided a unique tool to elucidate the neural mechanisms that account for chronic reductions in arterial pressure in response to suppression of central sympathetic outflow. The experimental studies conducted over time courses of several weeks and summarized above indicate that the suppression of central sympathetic outflow and the concomitant lowering of blood pressure are sustained chronically during electrical stimulation of the carotid sinus, discounting the importance of central resetting in diminishing the responses to baroreflex afferent input. Furthermore, current clinical trials indicate that the sympathoinhibitory effects of carotid sinus stimulation persist over much longer time periods (2, 20, 27) . In these trials, reductions in systolic pressure of ϳ 30 mmHg have been sustained for more than 2 years in patients with resistant hypertension subjected to baroreflex activation therapy. Experimental studies also emphasize the importance of regional suppression of sympathetic activity to the kidneys in mediating the chronic lowering of blood pressure during baroreflex activation. This increase in renal excretory function during baroreflex activation permits fluid balance at a reduced arterial pressure and is achieved, in part, by neural suppression of renin secretion. However, there are clearly additional mechanisms beyond renal sympathoinhibition that promote sodium excretion during baroreflex activation.
Subjects with resistant hypertension are commonly obese, and antihypertensive agents reported to increase sympathetic activation are usually included in the regimen of drugs used for hypertensive therapy (2-3, 27, 29, 31) . Thus increased sympathetic activity may be more prevalent than widely appreciated and contribute to the intractable hypertension in this patient population. If so, this may account for recent findings in clinical trials indicating impressive long-term antihypertensive 
